Cellulase-free xylanase production by thermophilic Streptomyces thermovulgaris TISTR1948 was cultivated in a basal medium with rice straw as sole source of carbon and as an inducible substrate. Variable medium components were selected in accordance with the Plackett-Burman experimental design. The optimization conditions of physical factors (pH and temperature levels) were then combined in further studies through the response surface methodology approach. Only two significant components, rice straw and yeast extract, were chosen for the optimization studies. A secondorder quadratic model was constructed by central composite design (CCD). The model revealed that both pH and temperature levels were significant, and were dependent on xylanase production. Under these experimental designs, the xylanase yield increased from 51.11 to 274.49 U/mL (3,400 to 10,000 U/g of rice straw) or about 537% higher than an unoptimized basal medium. The optimum conditions to achieve maximum yield of xylanase were 27.45 g/L of rice straw and 5.42 g/L of yeast extract under relatively neutral conditions of pH 7.11, 50.03 C, and a incubation period.
Xylans are heteropolysaccharides composed of units of xylose and other sugars such as glucose, mannose, and arabinose. 1, 2) They constitute a major component of hemicelluloses in plant cells wall and are commonly attached to celluloses, lignins, pectins, and other polysaccharides to increase the strength of the cell wall.
2) Enzyme -D-xylanases (EC 3.2.1.8) randomly hydrolyze -1,4-xylosidic linkages within the xylan backbone to xylo-oligosaccharides of varying length. The oligosaccharides are digested at the non-reducing ends by -D-xyloxidases to xylose as well asglucuronidases (EC 3.2.1.139), acetylxylan esterase (EC 3.1.1.72), feruloyl esterases (EC 3.1.1.73), and even -L-arabinofuranosidases (EC 3.2.1.55).
3) There are many reports on xylanase production by microorganisms such as Streptomyces lividans 66, 4) Bacillus pumilus, 5) Thermoascus aurantiacus, 6) Streptomyces sp. Ab106, 7, 8) Paecilomyces thermophila, 9) Bacillus sp. K-8, 10) Burkholderia sp. DMAX, 11) Laetiporus sulphureus, 12) and S. thermonitrificans. 13) Xylanases are used in industrial applications including the conversion of lignocellulosic materials to fuels and chemicals, feed supplements, textiles, and paper. During the process of pulp bleaching, xylanase is applied instead of chlorine to increase the extractability of lignin in the production of high-quality paper. 14) This replacement in the pulp-bleaching process has alleviated the environment impact of the conventional process. Biobleaching is thus an emerging technology that involves an attack on hemicellulose with microbial enzymes, resulting in the depolymerization of lignincontaining pulp. The use of xylanase aids in increasing pulp fibrillation, shortening the beating time, and the availability of recycled fiber. 14) The production of xylanase by Actinomycetes and other microorganisms was extensively reviewed by Techapun and colleagues, 14) who stated that cellulases can be contaminated during the production of xylanase resulting in the deconstruction of cellulose and affecting the quality of the pulp. Relatively complex and expensive purification steps in downstream processing were thus inevitable. Alternatively, the cellulase-free xylanase producing strains of microorganisms can be isolated and used in the production process.
In our previous study, thermophillic cellulase-free xylanase production by thermotolerant Streptomyces sp. Ab106 with 32.0 U/mL was achieved. 14) From the economical point of view, xylanase production in Thailand should be higher than 150 U/mL to balance with the increasing cost since 2008. In that report, we emphasized the increase in thermostable cellulasefree xylanase production by means of thermophilic S. thermovulgaris TISTR1948 using an experimental design with the screening methodology of PlackettBurman and optimization with response surface methodology via central composite design (CCD).
Materials and Methods
Isolation and identification of a cellulase-free xylanase producer. Soil samples (n ¼ 222) under canopies of teak trees from Chiang Mai Province, Thailand, were collected and dried during pre-treatment in an oven at 105 C for 1 h. Approximately 5.0 g of each soil sample was suspended in a 45 mL of sterilized 0.85% normal saline, and the y To whom correspondence should be addressed. Tel: +66-53-948217; Fax: +66-53-948201; E-mail: aibii002@chiangmai.ac.th suspension was transferred and serially diluted 10-fold and then spread onto a Congo red agar supplemented with oat-spelt xylan (Sigma, St. Louis, MO) as sole of carbon source.
15) The cultures were incubated at 50 C for 96 h. Colonies more tolerant of high temperature and indicating a large halo clear zone were selected for further study. The isolated strain S. thermovulgaris TISTR1948 was identified by the method described by Murakami et al. 16) by 16S rDNA gene sequence analysis (1,390 bp with 99.0% identity matching of S. thermovulgaris NRRL B-12517T (accession no. DQ442547.1). 15) The initial pH was adjusted to 7 with 1.0 N NaOH or 1.0 N HCl before autoclaving at 121 C for 30 min.
Inoculum preparation. A stock culture of S. thermovulagris TISTR1948 was transferred into 250-mL Erlenmeyer flasks containing 50 mL of fresh medium and incubated in a shaking incubator at a shaking speed of 250 rpm at 50 C for 48-96 h. This strain, which showed the appropriated total cell protein concentration of 0.7 g/L, was used as a starter. Cell growth was estimated by the method of Techapun, 7) and the total cell protein concentration was measured by the Bradford method.
17)
Cellulase-free xylanase production. Strain TISTR1948 was cultivated in 250-mL Erlenmeyer flasks with 50 mL of specific basal medium. The statistic design following the Plackett-Burman design and response surface methodology (RSM) was employed, as shown in Table 1 and Table 2 respectively. Cultivation was performed at 50 C for 96 h.
Enzyme assay. Xylanase activity assay was carried out by the method of Techapun. 18) The culture medium after cultivation was centrifuged at 5;000 Â g for 10 min at 4 C to remove cells and insoluble materials. The supernatant was diluted accordingly in 0.1 M potassium phosphate buffer (pH 7.0) and incubated at 55 C with 1.0% w/v oat spelt xylan (Sigma). The reducing sugar concentration was estimated by the dinitrosalicylic method. 19) One unit of enzyme activity (U) was defined as the amount of enzyme liberating 1 mmol of reducing sugar per min under standard conditions. Xylose was used as standard. The results were expressed as the mean for at least three experiments.
Screening of factors affecting microbial growth. The PlackettBurman design was employed to screen components of the basal medium to support growth of strain TISTR1948 and cellulase-free xylanase production. Nine components were evaluated to determine whether the key ingredients were significantly affected. Based on the Plackett-Burman design, each factor was examined at two levels: À1 as the low level and þ1 as the high level. 20, 21) Table 1 shows the Plackett-Burman design with the nine factors under investigation as well as the levels of the various factors used in the experimental design, based on the first-order polynomial model as follows:
where Y is the response (growth of microorganisms), 0 is the model intercept, i is the linear coefficient, and x i is the level of the independent variable. This model did not describe interaction among the factors. It was used to screen and evaluate the important factors that influenced the response. The magnitude of the coefficient of positive or negative indicated the corresponding impact on the titer. The coefficient value approached to zero, which implied small or no effect. The p-value was the probability that described the magnitude of a contrast coefficient resulting from random process variability. A low p-value indicated a significant effect. The significance of each variable was determined by applying the F-value. In this study, nine assigned variables were screened during 12 experimental runs. Enzyme production was carried out in triplicate, and the average values of observed values and predicted values by the equation model were shown as response Y (Table 3) . Based on a regression analysis of the variables, a confidential level of 90% (p < 0:1) for each factor was considered to have a significant effect on the cellulase-free xylanase production.
Optimization of significant variables using response surface methodology. The experimental design using central composite design (CCD) was used to estimate the coefficients in a mathematical model, predict the response, and check the applicability of the model. The factors of pH and temperature were investigated with the two variables' medium components (rice straw and yeast extract) obtained from selection by the Plackett-Burman design for the production of cellulase-free xylanase. The CCD contained an imbedded factorial or fractional factorial matrix with center points and star points around the center point that allowed estimation of the curvature. The distance from the center of the design space to a factorial point was AE1 unit for each factor, and the distance from the center of the design space to a star point was AE, where jj > 1. The precise value of depended on certain properties needed for the design and on the number of factors used (in this case ¼ 2). Similarly, the number of center point runs that the design must contain also depends on certain properties required for the design. The CCD always contains twice as many star points as factors in the design. The star points represent new extreme values (low and high) for each factor in the design. To maintain rotability, the value of depends on the number of experimental runs in the factorial portion of the CCD. In this experimental design, the statistical software package Design Expert 6.0.10 (Stat-Ease, Minneapolis, MN) was used in the design of the experiments, the analysis of the experimental data, and the generation the response surface graphs. The significant values of the model equation and the model terms were evaluated by Fisher's test as expressed in term of the F-ratio:
where Y represents the response variable, 0 is the interception coefficient, i the coefficient for the linear effect, ii the coefficient for the quadratic effect, ij the ij th coefficient of the interaction effect, and x i x j are input variables that influence the response variable Y. The response variable in each trial was the average of three replicates.
pH and temperature are the most important conditions in xylanase production. 14, 18) A range of pH level between 6-8 with a boundary of 5-9 for AE and temperature between 45-55 C with the boundary of 40-60 C for AE were selected in the experimental design. It included a total of 27 experiments with three trials of center points. 
Results and Discussion
Screening of significant variables using the PlackettBurman design A total of nine variables that influenced cellulase-free xylanase production at 50 C were analyzed using the Plackett-Burman design. Various medium components at various concentrations were investigated. The average xylanase activity of the observed values and the predicted values by the equation were taken as response Y (Table 3) . To examine the fitting quality of the model, the proximate correlation coefficient (R 2 ) to 1 indicated better fitting of the predicted values from the equation to the experimental values. The value of R 2 was 0.9696, which can be interpreted as 96.96% of the variability in the response. The magnitude and direction of the factor coefficient in the equation explained the influence of the nine medium components on the cellulase-free xylanase production of S. thermovulgaris TISTR1948. The greater magnitude of the coefficient indicated a large effect on the response. Variables at confidence levels greater than 90% (p < 0:1) were considered significant. The corresponding response of the cellulase-free xylanase production was expressed in terms of the following regression equation: 
From Table 4 , factors with p-values less than 0.1 were considered to have significant effects on the response and were selected for further study of optimization using CCD. Rice straw and yeast extract were determined to be the first two significant factors, with p-values corresponding to 0.029 (F ¼ 32:73) and 0.078 (F ¼ 11:28) respectively. Yeast extract had a negative effect on the growth of S. thermovulgaris TISTR1948 within a design range of 1-10 g/L, as evident from the minus symbols in the coefficient of the linear regression equation. This was compared to rice straw, which had a positive effect within a design concentration range of 5-30 g/L.
Optimization of significant variables using response surface methodology
The CCD generated a quadratic equation for cellulasefree xylanase production as follows: 
S. thermovulgaris TISTR1948 was cultured in 27 experiments to obtain xylanase in batch cultivation using Erlenmeyer flasks for a 4-d cultivation period. As shown in Table 5 , run orders of 11, 14, and 25 with (Figs. 1-3 ). These results suggest that strain TISTR1948 tended to produce xylanase at relatively high temperature levels under neutral conditions. The quadratic mathematic model in equation 4 was further simplified, corresponding to the p-value in the model terms. In this case, a p-value less than 0.05 indicated significant model terms and values, whereas greater than 0.10 indicated insignificant model terms. The terms of X 1 , X 8 , X 10 , X 1 2 , X 8 2 , X 10 2 , X 11 2 , and X 10 X 11 were significant model terms, as shown in Table 6 . The equation was simplified to the equation 5: Table 6 , the probability p-values of both the original and the modified model were relatively low (<0:0001), indicating significant models. The coefficient of variation for the original model (R 2 ¼ 0:9654) and the modified model (R 2 ¼ 0:9419) were represented, and they implied a high correlation between the experimentally observed and the predicted values, similarly to the original model (R 2 > 0:9). The coefficient of variation of the modified model (7.3%) was close to the original model (6.9%), with a 0.4% difference, although some model terms in the original equation were excluded depending on the p-value. Both models were used in the prediction of xylanase production by S. thermovulgaris TISTR1948, with a good relatively fit. Only the interaction term between the pH and the temperature level (X 10 X 11 ) had a low pvalue, less than 0.05 at 0.0048. From the p-value, it was deduced that the pH and temperature levels interacted. The pH value changed after changes in the temperature level (Fig. 4) . These interactions also influenced xylanase activity, as was evident from the negative coefficient. Under these conditions, the pH and temperature levels resulted in relatively low xylanase activity. There was no interaction between the medium components (rice straw and yeast extract) and the physical parameters (pH and temperature levels).
The result for the interaction between pH and temperature levels obtained for the cultivation of S. thermovulgaris TISTR1948 in cellulase-free xylanase production contrasted with our previous study with Streptomyces sp. Ab106: that treating them separately, xylanase activity did not increase. In the previously developed mathematic model with a constant pH value, xylanase production was dependent only on the temperature level. The optimal condition for the xylanase yield was pH 7 at 50 C, with xylanase activity of 15.0 U/mL.
14) The interaction between pH and temperature level was difficult to solve by the one-variable-at-a-time methodology. In addition, the high level of significance of the interaction model term clearly represented a limiting factor for enzyme production. 22, 23) By the application of mathematic models, the interaction between the pH and the temperature level reflected a strong influence on xylanase activity in Bacillus circulans, 23) Penicillium oxalicum ZH-30,
24)
Neocallimastix patriciarum, 25) Thermomyces lanuginosus THKU-49, 26) and Aspergillus terreus.
27)
To confirm the applicability of the two models, xylanase production by thermophilic S. thermovulgaris TISTR1948 was carried out by cultivation under the optimal conditions suggested by the models. The original model in equation 4 suggested optimal conditions of 27.2 g/L of rice straw, 5.61 g/L of yeast extract, pH 7.09, at 50. 18 C with 259.57 U/mL for a maximum yield of xylanase production. This was compared to the modified model (equation 5), which estimated the maximum yield of xylanase production at 260.20 U/mL, with 27.45 g/L rice straw and 5.42 g/L yeast extract under neutral conditions of pH 7.11 at 50. 03 C for 4 d. From the experimental results, the higher yield of xylanase production of 274.49 U/mL for the original model and of 262.16 U/mL for the modified model was obtained.
Comparison of xylanase production by S. thermovulgaris TISTR1948 with other microorganisms
A comparison of cellulase-free xylanase production between S. thermovulgaris TISTR1948 and other thermotolerant and/or thermophilic actinomycetes is shown in Table 7 .
Strain TISTR1948 exhibited relatively high cellulasefree xylanase activity in submerged cultivation using low-value agricultural wastes such as rice straw as sole carbon source. The cellulase-free xylanase activity due to themophilic or thermotolerant actinomycetes at a level of 274.49 U/mL (10,000 U/g of rice straw) obtained in current study was the highest recorded level by our group. Techapun et al. 7) reported only 13.0 U/mL (130 U/g of bagasse) of xylanase activity in 5 d of cultivation using Streptomyces sp. Ab106 at 55 C and pH 7.5 using bagasse as sole carbon source. Ninawe and Kuhad 28) found a moderate level of xylanase activity at 198.0 U/mL (9,900 U/g of wheat bran) obtained from S. cyaneus SN32 using wheat bran as carbon source at 45 C, pH 9.0, for 2 d. However, this strain did not grow at above 47 C.
Compared to the levels of xylanase produced by thermotolerant bacteria and fungi (Table 7) , strain TISTR1948 also showed higher xylanase activity than Bacillus coagulans, 30) which gave only 2,420 U/g of birch-wood xylan). Su et al. 32) reported very high xylanase activity, of 3,078 U/mL or 79,535 U/g of corn cob, by the fungus Thermomyces lanuginosus SDYKY-1 under optimal conditions obtained by a statistically based experimental design (Plackett-Burman and CCD). Although the xylanase activity by strain TISTR1948 was less than by fungus strain SDYKY-1, the increased yield of 537% compared to only 144% was still satisfactory, considering that the same statistically experimental design used.
Conclusions
The Plackett-Burman design and response surface methodology were employed to enhance xylanase biosynthesis by batch cultivation of thermophilic Streptomyces thermovulgaris TISTR1948. Rice straw was a good carbon source, and is considered to be a costeffective agricultural waste raw material for Thailand. Interactions between the independent variables and the response were evident. The linear model was established using the Plackett-Burman design to select two medium components that exerted the highest influence on xylanase production. The second-order quadratic model generated by the CCD was also used to simulate the optimal conditions for maximum yield. The optimum conditions for high xylanase were 27.45 g/L of rice straw and 5.42 g/L of yeast extract at pH 7.11, 50.03 C for a 4-d incubation period. The xylanase activity obtained with the optimized nutrient medium was 274.49 U/mL (10,000 U/g of rice straw), 537% higher than the xylanase activity obtained with the basic medium. By application of an experimental design approach, the cost of the xylanase production can be dramatically decreased and can lead to a maximum level of xylanase yield.
